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[1] We examine the impact of future climate change on
regional air pollution meteorology in the United States by
conducting a transient climate change (1950–2052)
simulation in a general circulation model (GCM) of the
Goddard Institute of Space Studies (GISS). We include in the
GCM two tracers of anthropogenic pollution, combustion
carbon monoxide (COt) and black carbon (BCt). Sources of
both tracers and the loss frequency of COt are held constant
in time, while wet deposition of BCt responds to the
changing climate. Results show that the severity and duration
of summertime regional pollution episodes in the
midwestern and northeastern United States increase
significantly relative to present. Pollutant concentrations
during these episodes increase by 5–10% and the mean
episode duration increases from 2 to 3–4 days. These
increases appear to be driven by a decline in the frequency of
mid-latitude cyclones tracking across southern Canada. The
cold fronts associated with these cyclones are known to
provide the main mechanism for ventilation of the
midwestern and northeastern United States. Mid-latitude
cyclone frequency is expected to decrease in a warmer
climate; such a decrease is already apparent in long-term
observations. Mixing depths over the midwest and northeast
increase by 100–240 m in our future-climate simulation, not
enough to compensate for the increased stagnation resulting
from reduced cyclone frequency. INDEX TERMS: 0345

Atmospheric Composition and Structure: Pollution—urban and

regional (0305); 0368 Atmospheric Composition and Structure:

Troposphere—constituent transport and chemistry; 1610 Global

Change: Atmosphere (0315, 0325). Citation: Mickley, L. J., D. J.

Jacob, B. D. Field, and D. Rind (2004), Effects of future climate

change on regional air pollution episodes in the United States,

Geophys. Res. Lett., 31, L24103, doi:10.1029/2004GL021216.

1. Introduction

[2] Long-term projections for surface air quality in the
United States must account not only for future changes in
emissions but also for changes in climate. The frequency of
pollution episodes varies considerably from year to year
depending on weather [e.g., Vukovich, 1995; Lin et al.,
2001], pointing to the potential importance of climate
change. Several model studies have examined the sensitivity
of ozone and aerosols to changes in temperature and
humidity [Bufalini et al., 1989; Sillman and Samson,
1995; Aw and Kleeman, 2003]. More important may be

the sensitivity to changes in mixing depths, frequency of
stagnation episodes, and synoptic-scale circulations [e.g.,
Logan, 1989; Vukovich and Sherwell, 2002]. We explore
these effects here with a general circulation model (GCM)
transient simulation of 2000–2050 climate change.
[3] We focus on the eastern and midwestern United States

where pollution episodes tend to extend over regional scales
greater than 500,000 km2 [Logan, 1989; Eder et al., 1993],
in contrast to the more mountainous west where they tend to
be local and affected by topography [e.g., Pun and Seigneur,
1999; Winner and Cass, 1999]. Regional pollution episodes
in the east and midwest are associated with slowly moving
high pressure systems with restricted boundary layer venti-
lation [e.g., Schichtel and Husar, 2001; Hogrefe et al.,
2004]. The episodes are terminated by mid-latitude cyclones
traveling eastward across southern Canada [Dickerson et al.,
1995; Merrill and Moody, 1996; Stohl, 2001]. The cold
fronts associated with these cyclones sweep across the
northern United States, lifting polluted air to the free
troposphere in warm conveyor belts ahead of the front and
replacing it with clean high-latitude air behind the front
[Cooper et al., 2001]. The fronts generally do not reach into
the southeastern United States, and ventilation there is
mostly driven by deep convection and inflow from the Gulf
of Mexico (Q. Li et al., Outflow pathways for North
American pollution in summer: a global 3-D model analysis
of MODIS and MOPITT observations, submitted to Journal
of Geophysical Research, 2004, hereinafter referred to as Li
et al., submitted manuscript, 2004).
[4] Only a few GCM studies have examined the effect of

climate change on pollution transport, and then only in a very
general sense. Rind et al. [2001] found that increased
convection in a doubled-CO2 atmosphere led to improved
ventilation of the continental boundary layer. Holzer and
Boer [2001] found that weaker winds in a warmer climate led
to higher concentrations in pollution plumes. We present
here a more specific analysis of the effect of future climate
change on the frequency and severity of pollution episodes in
the United States. For this purpose, we use a GCM transient
model simulation for 2000–2050 including two simple
tracers of anthropogenic pollution, combustion carbon mon-
oxide (CO) and black carbon aerosol (BC). Emissions for
both tracers are held constant over the simulation, so that any
trends in concentration are driven solely by climate change.

2. Methods

[5] We implemented the CO and BC tracers into the
Goddard Institute for Space Studies (GISS) GCM 2’ [Rind
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and Lerner, 1996; Rind et al., 1999]. The GCM version
used here has a ‘‘qflux ocean’’ [Hansen et al., 1988] and a
horizontal resolution of 4� latitude and 5� longitude, with
nine vertical layers in a sigma coordinate system extending
from the surface to 10 hPa. The three lowest layers are
centered at about 260 m, 860 m, and 1900 m for an air
column based at sea level. In the qflux model, monthly
mean ocean heat transport fluxes are first calculated to
generate observed, present-day sea surface temperatures.
In subsequent simulations, sea surface temperatures and
ocean ice respond to changes in climate, while the ocean
heat transport fluxes are held fixed.
[6] The CO and BC tracers are denoted here as ‘‘COt’’

and ‘‘BCt’’ to emphasize their generic nature. The source of
COt in the model is present-day fossil fuel CO emissions
[Wang et al., 1998], and COt loss is by reaction with OH as
computed from present-day, monthly mean OH fields
[Mickley et al., 2004]. We ignore any perturbations to OH
due to climate change [Johnson et al., 1999; Shindell et al.,
2001] in order to isolate the effect of transport. The BCt
source is present-day global BC emissions from Park et al.
[2003]. BCt is assumed to be scavenged efficiently by wet
deposition, which in our model follows the scheme of Koch
et al. [1999].
[7] The transient climate simulation was performed from

1950 to 2052 with concentrations of the well-mixed green-
house gases – CO2, CH4, N2O, and halocarbons – updated
yearly. For 1950–2000 we used observations [Hansen et
al., 2002]. For 2000–2052 we used the A1B scenario from
the Intergovernmental Panel on Climate Change (IPCC),
with CO2 as implemented in the Bern-CC model [Houghton
et al., 2001]. For future halocarbons we followed Hansen et
al. [2002]. We fixed ozone and aerosol concentrations in the
radiative scheme at present-day climatological values.
[8] Results for the years 1995–2052 were analyzed. The

long spin-up time allows the calculated sea surface tem-
peratures to adjust. From 1995 to 2052 we calculate a
globally averaged surface temperature increase of 1.9�C,
corresponding to a forcing of 2.1 W m�2. Precipitation rates
over the southeastern United States decrease by as much as
20% in summer, but increase by 20% in winter due to
increased southerly transport of moist tropical air. Elsewhere
in the United States, precipitation rates do not change
significantly in the future scenario. Analysis of model results
focuses on daily mean concentrations. Because the vertical
resolution of the boundary layer is coarse, simulated surface
air concentrations show little diurnal variation and are most
representative of daytime conditions, when the mixed layer
is deep [Jacob et al., 1993a].

3. Results

[9] For the present-day period 1995–2002, surface COt
concentrations over the United States range from 50–
150 ppb in summer to 150–200 ppb in winter. These are
lower than observed CO concentrations since we have not
included biomass burning or chemical production as sources
of COt. A more complete tropospheric chemistry simulation
conducted previously with the same GCM for present-day
conditions showed a good representation of CO concen-
trations [Mickley et al., 1999]. For BCt in source regions of
the United States, simulated mean concentrations in surface
air range from about 0.6–1.1 mg m�3 in winter to 0.4–

0.7 mg m�3 in summer, roughly consistent with observations
for BC [Park et al., 2003].
[10] We find that seasonal mean surface concentrations of

COt and BCt for the years 2045–2052 show in general no
significant change relative to present-day. Over the south-
eastern United States in winter, the increase in precipitation
reduces seasonal mean BCt by 5%. A better indicator of the
response of air quality to a changing climate is the change in
the intensity and duration of high pollution episodes. We
examined the cumulative frequency distributions of daily
mean surface concentrations of COt and BCt averaged over
6 regions of the United States: (1) the northeast, which
includes New England, the mid-Atlantic states, Ohio, West
Virginia, Virginia, and eastern Kentucky; (2) the southeast,
which extends from eastern Texas to the Atlantic coast;
(3) the midwest, which extends from eastern Colorado to
Indiana and as far south as Missouri; (4) the southwest;
(5) the northwest; and (6) California. The regions range in
size from 16 gridboxes (the midwest) to 3 (California).
[11] The largest changes in the frequency distributions for

surface COt and BCt concentrations occur over the north-
east and midwest in summer, defined here as July–August.
In Figure 1, we show the summertime distributions over
these two regions for 2045–2052 and 1995–2002. Median
and background concentrations do not change significantly.
Concentrations at the high end of the distributions, repre-
senting pollution episodes, are greater by 5–10% in the
future climate. The change is statistically significant (p <
0.05) above the 84th percentile for COt and BCt in the

Figure 1. Cumulative frequency distributions of simulated
daytime concentrations of combustion carbon monoxide
(COt) and black carbon (BCt) averaged over the north-
eastern and midwestern United States in July and August.
Each point represents the spatial average for a particular
day. Results are shown for the present-day climate (1995–
2002, in green), and the future A1B climate (2045–2052, in
red). To isolate the effect of climate change, sources of COt
and BCt and the sink of COt are the same for the present-
day and future simulations.
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northeast and for BCt in the midwest, representing a
collection of 79 days for each 8-year period. The change
is also significant above the 97.5th percentile for COt in the
midwest (12 days for each 8-year period). Our results
indicate an increase in the severity of summertime pollution
episodes in these two regions by 2050. Elsewhere in the
United States in summer and for most regions during other
seasons, we do not detect significant differences in the
frequency distributions of concentrations between present-
day and 2050 climates.
[12] Surface concentrations in the northeast in the model

correlate highly with those of the midwest with a 1–2 day
time lag, consistent with observations [Logan, 1989; Moody
et al., 1998]. The correlation implies that the same synoptic-
scale transport mechanisms govern pollution episodes in
both regions. Daily mean maximum mixing depths, which
average 1.1 km (northeast) and 1.3 km (midwest) in the
present-day, increase significantly in the future by 100–
240 m (p < 0.05), consistent with higher surface temper-
atures and greater vertical mixing [Rind et al., 2001]. The
change in future mixing depths is of the wrong sign to
explain the increase in severity of future pollution events.
[13] Time series of BCt and COt surface concentrations

over the northeast and midwest in summer show greater
autocorrelation in the future than for present-day. We
counted the number of consecutive days with regional
concentrations above the 84th percentile as representative
of pollution episodes. Over the midwest we found an
increase of episode duration from 2.3 days to 3.0 days for
COt and from 2.4 days to 4.6 days for BCt. In the northeast,
COt pollution episodes lengthen from 2 to 2.5 days, but the
change for BCt episodes is negligible.
[14] Termination of pollution episodes in the midwest and

northeast is driven by cyclones crossing southern Canada
and the associated cold fronts, which sweep away pollution
[Cooper et al., 2001]. To calculate trends in surface cyclone
frequency in the model, we counted the number of times
each summer when the mean sea level pressure over Quebec
dropped for two consecutive days to below the mean for
that summer and then rose on the third day. Using the same
method, we also counted the number of surface cold air
surges into the midwestern United States from Canada. We
found that the average number of cyclones crossing Quebec
decreased slightly in the future simulation relative to the
present, from 7.5 cyclones per summer to 6.8. The number
of cold surges into the midwest decreased 20%, from
6.2 events per summer to 5. The uncertainty in these trends
is large; to calculate statistically significant trends would
require more years of daily model output. In observations,
cold fronts ventilate the northeast every 4–5 days in July–
August (Li et al., submitted manuscript, 2004), for a total of
about 14 events during those two months. Our method
underestimates the number of cyclones and cold surges,
which may reflect our definition of these events or the
coarse resolution of the model. However, as discussed
below, decreasing cyclone frequency in the future climate
appears to be a robust result.

4. Discussion

[15] Our results suggest that a warming climate could
increase the severity of summertime pollution episodes in
the northeastern and midwestern United States. The increase

in severity appears to be caused by a decrease in the
frequency of surface cyclones tracking across southern
Canada. Our model trend in cyclone frequency is consistent
with observed long-term trends over North America [Zishka
and Smith, 1980] and more generally at northern mid-
latitudes [Agee, 1991; Key and Chan, 1999; McCabe et
al., 2001]. For example, Zishka and Smith [1980] found an
8% decline per decade in the number of July surface
cyclones over North America for the period 1950–1977.
[16] Previous GCM studies with increasing greenhouse

gases have also calculated a decline in mid-latitude cyclone
frequency. Probable causes for this trend include (1) a
decrease in the extratropical meridional temperature gradi-
ent from the surface through the mid-troposphere, which
reduces baroclinicity [Carnell and Senior, 1998; Geng and
Sugi, 2003], and (2) an increase in the magnitude and
efficiency of the meridional eddy transport of latent heat,
which reduces the number of cyclones required to maintain
the meridional temperature gradient [Zhang and Wang,
1997]. Consistent with these studies, we find that the
meridional temperature gradient in the lower troposphere
between 30N and 55N over eastern North America weakens
in summer by about 1�C. Over mid-latitudes at 600–
800 hPa, the northward, zonally averaged eddy transport
of latent heat increases in summer by 5–10%.
[17] We conclude that reduced cyclone frequency in a

future warmer climate will lead to an increase in the severity
of summertime pollution episodes in the northeastern and
midwestern United States. Although the GCM used in our
analysis is relatively coarse, the decrease in cyclone fre-
quency and implication for air quality appears to be a robust
result. It is well established that cyclones play a critical role
in ventilating pollution from these regions. There is also
compelling evidence that the frequency of these cyclones
has been decreasing over the past decades. This decrease is
likely to continue in the future due to increases in green-
house gases. Quantitative analysis of the implications for
future air quality will require regional climate models with
detailed chemistry, but the computational demands of such
models are formidable. Statistical analysis of observed
correlations between pollutant concentrations and meteoro-
logical parameters may provide a useful tool to predict
pollution trends in GCM simulations. For example, the
observed correlation of ozone with temperature in the
eastern United States is known to reflect the influences of
chemistry, biogenic emissions, and stagnation [Jacob et al.,
1993b]. GCM simulations of future temperature change
could thus be used to predict future surface ozone changes.
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